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ABSTRACT 

Rogowski, A.S., 1988. Flux density and breakthrough times for water and tracer in a spatially 
variable, compacted clay soil. In: P.F. Germann (Editor), Rapid and Far-reaching Hydrological 
Processes in the Vadose Zone. J. Contam. Hydrol., 3:327 348. 

Flux density values, computed from observed infiltration and outflow measurements at 184 
locations in a 0.3-m-thick, 9m × 23m layer of compacted clay subsoil, are compared to effective 
flux density values that are based on breakthrough time distributions for water and Br tracer over 
the same area. Results suggest that both water and tracer move at similar rates, but considerably 
faster than expected, on the basis of flux density alone, and that only a small fraction of the total 
pore space is involved in active transport. The ramifications of these findings are explored against 
the background of effective porosity, degree of compaction, and observed changes in bulk density 
with time. 

INTRODUCTION 

The  d e t e r i o r a t i o n  of g r o u n d w a t e r  q u a l i t y  is a s e r ious  p r o b l e m  on  a n a t i o n a l  

as wel l  as r e g i o n a l  scale .  I n d u s t r i a l  a n d  a g r i c u l t u r a l  p o i n t  a n d  n o n p o i n t  
sou rce s  c o n t r i b u t e  to th i s  d e g r a d a t i o n ,  as do was t e -d i sposa l  sites.  Was te -  

d i sposa l  s i tes  n e e d  i m p r o v e d  e v a l u a t i o n  a n d  t e s t i n g  d u r i n g  a n d  a f te r  c o n s t r u c -  
t ion ,  wh i l e  a g r i c u l t u r a l  a r ea s  r e q u i r e  a m o r e  a c c u r a t e  a s s e s s m e n t  of p o l l u t i o n  
p o t e n t i a l  on  a field sca le  p r i o r  to a p p l i c a t i o n s  of m a n u r e ,  fer t i l izer ,  pes t ic ides ,  
a n d  he rb i c ides .  I n  mos t  cases,  p e r t i n e n t  p a r a m e t e r s  a n d  r e l e v a n t  flow p a t h w a y s  
need  to be i den t i f i ed  a n d  i m p r o v e d  field s a m p l i n g  t e c h n i q u e s  deve loped .  O n e  
s u c h  p r o m i s i n g  field p a r a m e t e r  is the  d i s t r i b u t i o n  in  t ime  of w a t e r  flux over  a n  
area .  

W a t e r  flux, expres sed  as flux d e n s i t y  (q) a n d  a lso  k n o w n  as D a r c y  ve loc i ty ,  

specific flux, or  specif ic  d i s cha rge ,  has  the  d i m e n s i o n s  of l e n g t h  per  u n i t  t ime.  
F l u x  m a y  be def ined  as the  v o l u m e  of w a t e r  (Q) m o v i n g  t h r o u g h  a u n i t  cross- 
s e c t i o n a l  a r e a  (A) of soi l  per  u n i t  of  t ime:  

q - Q / A  ( la )  

I t  c a n  a lso  be w r i t t e n  in  the  s imple  form of D a r c y ' s  La w  as: 
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q - K J  (lb) 

where d is the dimensionless gradient arising from differences in head and K 
is the coefficient of permeability (hydraulic conductivity). If the cross-sectional 
area is at the soil surface, q is an infiltration rate; if at the water table, q is 
recharge; if somewhere between the surface and the water table, q is simply a 
flux density at a given depth. 

Under saturated isothermal conditions in an isotropic nonswelling porous 
medium, K is assumed constant and laboratory values measured on cores are 
expected to describe completely the permeability distribution in the field. This, 
however, is not always the case (Daniel, 1984), even under carefully controlled 
experimental conditions. The disparity between laboratory- and field-deter- 
mined values of hydraulic conductivity has raised questions regarding the 
integrity of clay liners in containment facilities and pollution potential of 
agricultural and industrial sites. The problem is not unique to engineered 
structures; it is also found in geology and natural  field soils. 

Moreover, clay liners used in many containment facilities and compacted to 
engineering specifications of better than 90% Standard Proctor even when 
ponded are seldom saturated. Darcy's Law has been extended to unsaturated 
conditions, where K depends on the degree of water saturation and tem- 
perature, while gradient d is taken as a function of total potential (Nielsen et 
al., 1986). In compacted clay liners, which are unsaturated in the strict sense 
of the word, little change in water content with time is expected because of 
intentionally low values of matrix hydraulic conductivity, entrapped air, and 
discontinuous pores. If, however, a site as a whole exhibits flux that  is higher 
than would be expected, existence of areas with preferential-flow pathways and 
presence of short-circuiting flows may be suspected. 

Short circuiting, which occurs in a few relatively larger cracks, fissures, or 
pores, may essentially bypass the rest of the soil. If the short-circuiting is 
connected to the surface, it may be quite sensitive to changes of head in ponded 
water. Even if not connected to the surface the condition for seepage into such 
cavities (Philip, 1987) is that  the pressure at some point of the cavity wall can 
reach atmospheric (or equal the internal pressure within the cavity). A similar 
principle applies to solid inclusions like stones and rock fragments. Conse- 
quently, areas with rapid water or tracer breakthrough and high flux-density 
values may often be indicative of preferential-flow path locations. To 
understand how preferential-flow pathways operate, it is important to identify 
such locations and to study their behavior and spatial response in time. 

Thus, the primary objective of this study reported here was to examine the 
behavior of high flux-density zones, observed within a compacted experimental 
clay liner. This was accomplished by studying the fate of introduced tracer, by 
monitoring inflow and outflow, by computing breakthrough time, and by identi- 
fying flow pathways in a compacted clay layer in a specially constructed 
testing facility. 
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METHODS 

Testing facility 

The  tes t ing  faci l i ty  (Fig. 1) consis ted of a bridge-like 9 × 23m re inforced  
concre te  p la t form (Rogowski et al., 1985). A grid (0.9 x 0.9 m) of leachate-col-  
lec t ion drains  under  compacted  clay was complemented  by a similar  grid of 
30-cm d iamete r  inf i l t ra t ion  rings. Twenty-cm-high inf i l t ra t ion  rings were 
dr iven into the soil at  the surface  to the depth of 8cm. Figure  2 shows 
respect ive  grids for sampling bulk densi ty  (a), inflow and outflow (b), ex ten t  of 
swell ing and evapora t ion  (c), and t r ace r  d is t r ibut ion  (d). The i r  or igin (0,A) is 
the southwes t  co rne r  of the platform. 

Imbedded in the floor of the p la t form and posi t ioned hor izon ta l ly  across the 
faci l i ty  were  the lower  access tubes (Fig. 1) for the measu remen t  of bulk densi ty  
with the Trox le r  1 dual  gamma probe. Pos i t ioned on the clay surface,  30cm 
above the  lower  access tubes, were the upper  access tubes. The a t t en u a t i o n  
measuremen t s  were made hor izon ta l ly  at  240 locat ions  with a gamma source  
(Cs 137) in the lower tube and with a de tec to r  in the upper  tube. The  degree of 
a t t e n u a t i o n  was used to compute  bulk dens i ty  in a conical  volume of soil 
be tween the source  and the  detector .  Measurement s  were made con t inuous ly  
and sequent ia l ly .  It  took  approximate ly  three  days to complete  one set of 240 
readings  before the next  set was begun. In this way 13 sets of readings  were 
t aken  pr ior  to ponding,  64 sets fol lowing ponding,  and 2 sets af ter  d ra in ing  the 
ponded wa te r  - -  about  19,000 observat ions  in all. 

Since no subs tan t ia l  swell ing was observed (Rogowski,  1985), changes  in soil 
bulk densi ty  with t ime were expected to reflect  changes  in soil wa te r  con ten t  
as wa te r  moved into and t h rough  the clay matrix.  For  highly compacted  and 

Fig. 1. Clay liner testing facility. 

1 The mention of trade names in this publication does not constitute an endorsement of the product 
by the United States Department of Agriculture over other products not mentioned. 
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Fig. 2. Experimental 0.91 × 0.91m grids used in measuring (a) bulk density, (b) infiltration and 
outflow, (c) swelling and evaporation, (d) tracer breakthrough. 

ponded soils, when  s teady-s ta te  condi t ions  are a t ta ined,  changes  in soil wa te r  
con ten t  should cease, and measured  d is t r ibut ion  of flux should reflect  pr imar i ly  
the wa te r  flow th rough  more rapidly  conduc t ing  cracks,  channels ,  and o the r  
preferent ial-f low pathways .  

The soil used was a B-horizon of a Typic  Hap ludu l t  cher ty  silt loam from 
cen t ra l  Pennsy lvan ia .  It was compacted  wet at  opt imum to g rea te r  t han  90% 
S tanda rd  P r oc to r  wi th  a sheepsfoot  ro l le r  (Rogowski and Richie, 1984). At this  
mois tu re  content ,  mat r ix  po ten t ia l  for compacted  soil was approximate ly  
100kPa.  The  soil was classified as a CL type, having  a permeabi l i ty  of 0.1 to 
0.2 × 10 9ms 1, a s  dete rmined  in a l abora to ry  with a fall ing head  per- 
meame te r  at  90% maximum densi ty  and a gradient  of about  20. Minera log ica l ly  
it is a mix tu re  of i l l i te and kao l in i te  with minor  amounts  of montmor i l loni te .  
F igure  3 shows spat ia l  d i s t r ibu t ion  of  sand, silt, and clay in the compacted  
mater ia l .  

Instrumentation 

An exper imenta l  clay l iner  was cons t ruc ted  in th ree  lifts, us ing heavy  
equ ipment  and inco rpora t ing  wa te r  to br ing the soil to a uni form wate r  con ten t  
and density.  Spat ia l  d i s t r ibu t ion  of bulk densi ty  and wa te r  con ten t  are shown 
in Fig. 4a and b, respect ively .  In addi t ion to bulk densi ty,  inf i l t ra t ion  ra te  was 
measured  in 184 inf i l t ra t ion  rings at the surface, and outflow ra te  was 
moni to red  in 184 ver t ica l  dra ins  s i tua ted  below the  clay and d i rec t ly  under  the 
rings. In addit ion,  the re  were 35 sites to eva lua te  swell ing and 1 class A 
evapora t ion  pan and 35 small evapora t ion  pans (same size as inf i l t ra t ion rings) 
to measure  evapora t ion .  After  the exper imenta l  clay l iner  was cons t ruc ted  and 
ins t rumented ,  it was ponded,  and the wa te r  level was main ta ined  cons tan t  with 
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Fig. 3. Distribution of sand, silt, and clay in compacted, spatially variable clay liner. 

an automatic constant  head tank. Times of the first arrival of water in outflow 
drains were recorded and initially only 35 infiltration sites were monitored. 
Subsequently all infiltration rings and small evaporation pans were equipped 
with I-L Mariot te  constant  head bottles, set to the same level as the ponded 
water outside. Individual leachate drains were routed to the outside of the 
platform, and leachate was collected and composited weekly. Water level 
changes in small evaporation pans were used to correct  infiltration data for the 
amounts of water that  evaporated between readings. Collection of leachate 
began immediately after ponding but it was about 3 months before all infiltra- 
tion rings could be read at the same time (Rogowski, 1985). Results reported 
here are based on 36 sets of readings that  were composited weekly beginning 
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Fig. 4. Contours of average density (in kgm ~) (a) and water content (in kgm ~) (b) on the 
experimental clay liner before ponding. 

in J u n e  1985 for each of the inner  184 r ings and drains  (about  6600 values). The 
last  set of readings  was composi ted over  2 months  because  of small inflow and 
outf low amounts .  The 66 ou te r  r ings and drains  next  to the edge and sides of 
the p la t form served as a buffer  and are  not  inc luded in calculat ions .  

Tracer studies 

T r a c e r  studies were in i t ia ted  at  the conclus ion  of the main  exper iment .  To 
prepare  the t racer ,  1 g molecu la r  weight  of KBr  (0.119 kg) was dissolved in 1L 
of wa te r  to give 1M solut ion of Br -  (0.079 kg L 1). E i the r  50 or 100 mL of this 
solut ion were di luted with ponded wate r  to 2000 mL and added to 15 rings (Fig. 
2d) in one, two, or th ree  2000 mL increments ,  depending on the observed flux 
ra tes  and projec ted  t rave l  time. When  t r ace r  solut ion was applied to a ring, 
~'time zero"  samples of l eacha te  from the  under ly ing  dra in  and eight  surround-  
ing drains  were taken.  Sampl ing of l eacha te  was con t inued  at  sui table  
in te rva ls  t ha t  depended on the  volume of accumula ted  outflow. Leacha te  
samples were analyzed  for Br -  con ten t  using a ion-specific bromide electrode.  

Computations 

Dis t r ibu t ion  of effect ive poros i ty  can  be es t imated when d is t r ibut ion  of 
b r e a k t h r o u g h  t ime (Tb) at  some depth  (L), t aken  as the first a r r iva l  of wate r  or 
t racer ,  is avai lable .  Effect ive poros i ty  (Pe) is a ra t io  be tween average  effective 
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cross-sectional flow area (Ae) and unit  cross-sectional flow area (A), while 
effective flux density (qe), also known as average pore water velocity (Kirkham 
and Powers, 1972), can be written: 

qe >= L/Tb (2) 

Since q - Q / A  and, analogously, qe = Q/Ae:  

QT,, 
At. < (3) 

= L 

and 

P¢. = A ~ / A  = q/q~ (4) 

R E S U L T S  AND DISC US S ION 

T i m e  to e q u i l i b r i u m  

Figure 5 shows the distribution of average inflow and outflow during a one- 
year study period for the experimental clay liner as a whole. Initial decline in 
inflow rate at ponding was followed by a rise and subsequent decline in both 
inflow and outflow. The rise and decline at 8-9 months coincides with the time 
when approximately one pore volume of water on the average has passed 
through the clay. Such fluctuations in observed flow rate should be viewed in 
proper perspective, since they represent a net difference of only ~ 0.3 cm day 1 
in water level elevation and appear to have several possible explanations 
(Rogowski, 1986a). 

The data suggest that  there was a slow negative pressure buildup under the 
clay, because initially the drain lines were not vented. Intermit tent  buildup 
and drainage of water in each of the 184 outlet  tubes could selectively impose 
a small tension (< 60 cm of water) on the underside of the clay. As more and 
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expe r imen t a l  c lay  l iner.  
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more drains became active, the effect increased, becoming part icularly 
noticeable for fast-flowing drains associated with macropore flow. Soon after 
the drains were vented in December 1985, flow rate declined and an apparent  
equilibrium was established. These results may be of considerable practical 
significance, since venting of the underside of in place clay liners could lower 
their  effective permeability. 

However, since the decline in flux rate had already begun for some drains 
before the drains were vented, another  possible explanation is that  infiltration 
and outflow rates were affected by temperature,  ionic composition of water, 
and changes in amounts of entrapped air. Temperature effects are primarily 
due to differences in viscosity. Temperatures at the site were often in excess of 
25°C during summer and early fall but were maintained at 5°C in the winter. 
The difference could account  for more than 50% increase in viscosity, reducing 
the corresponding flow rate by as much as 1/3. 

The ambient pressure developed within individual pores and the amount of 
entrapped air that  dissolves in pore water are also highly dependent on tem- 
perature.  Since cold water can hold more air than warm, decline in tem- 
perature can lead to shrinkage of entrapped air vacuoles and localized 
increases in flow. However, if cold water enters the warmer clay matrix, air 
may go out of solution, leading to air blockage in some pores. It is felt that  the 
decline of flow rate through clay in January  was in part associated with 
decreased viscosity, but it is doubtful if and to what extent temperature 
affected entrapped air within the clay matrix. 

Finally, differences in the ionic composition of ponded water and leachate 
could alter the flow rate through clay. In particular,  differences in Na t and 
Ca 2 concentrat ions could lead to localized dispersion and aggregation, either 
blocking or opening individual pores. During the construction of the experi- 
mental clay liner, a layer of burlap, followed by a thin layer of sand (0.6 cm), 
was placed under the compacted clay. Prior to the venting of drains, anaerobic 
denitrification with abundant  Fe 3÷, serving as an energy source for microor- 
ganisms that  utilize the burlap substrate, could have taken place. Soluble Fe ÷ ÷ 
could then be preferentially leached out, oxidizing, precipitating, and clogging 
some pores when it came in contact  with air. Precipitated iron, calcium, and 
manganese were the primary deposits in outflow tubes and catchment 
containers. The amount  varied, being highest for the slow flowing drains. In 
final analysis it is felt that  a combination of all these factors taken together 
may be responsible for a rise, subsequent decline, and eventual equilibration of 
observed average inflow and outflow rates. 

Once the steady state was established, the net difference between inflow and 
outflow rate in Fig. 5 was on the order of 10 × 10 9ms 1, a change in water 
level equal to 0.086 cm day 1, well within experimental error of the monitoring 
equipment. Results for a compacted, 30-cm-thick clay liner showed that  it took 
almost a year to at tain steady state under our experimental conditions. For 
thicker layers the time to equilibrium could be comparatively longer. 

Figure 6 shows the distribution of average bulk density for the same time 



335 

POND x ,  

2240 ' END 
c~ 

2220 

L -  - ;)180 ~ 1  v "~ l L l L I I l l l L I I 
D J  F M A M  J J A S O N ©  J F M A M  J J 

Fig. 6. Average bulk density measured wi th  a dual gamma probe dur ing a one-year s tudy period on 
an experimental  clay liner. 

period as the previously discussed inflow and outflow distributions. Bulk 
density increased through March of 1986, becoming more or less constant after 
that  time. In addition, average density values observed before ponding (POND) 
are also given. The increasing bulk density after ponding, like inflow and 
outflow, reached the steady state in about 11-12 months. Variations shown in 
April and May 1985 were due to a temporary probe malfunction. 

Changes in time of flow and bulk density 

Values of inflow and outflow in Fig. 5 and bulk density in Fig. 6 are space 
averages in time taken over 184 drains and rings or 240 access tube locations. 
These should be contrasted with data (Fig. 7) that show changes in inflow, 
outflow, and density at a specific point in time. Figure 7 illustrates how flow 
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and bulk density did vary at a location where rapid breakthrough of water and 
tracer has been observed. Some possible reasons for these fluctuations were 
discussed earlier. Since this location appeared to be in the zone of high flux 
density (Rogowski and Simmons, 1988), observed behavior could also reflect 
preferential flow pathway response at a point. Figure 7 shows typical flow 
(lower) and bulk density (upper) patterns recorded during the study. The ring 
(R) inflow and drain (D) outflow rates are given by the left-hand scale, while 
bulk density values, measured east (DE) and west (Dw) of the respective ring 
and drain locations, are shown on the right-hand scale. Thin horizontal lines 
through bulk density values are included to highlight any trends in the data, 
while a thin vertical line indicates the time of ponding. The values are for the 
H5 and I5 locations of bulk density (Fig. 2a) and H5 location of ring inflow and 
drain outflow (Fig. 2b). Arrows in Fig. 7 denote a time span associated with the 
"430" data set. This particular set consists of flow volumes (taken as inflow or 
outflow), summed up over an 11-month period and divided by the total elapsed 
time. 

Visual comparisons of bulk density distributions with thin lines show little 
change in bulk density with time. For this location, as well as for some others 
not shown here, there is usually a small increase following ponding and a very 
gradual and also small increase with time. Yet results in Fig. 6 show that, on 
the average, density increased by about 50 kg m 3 before becoming constant at 
about 11 12 months. Such increases may represent the extent of water 
movement into the clay where about half of it occurs immediately after ponding 
and half  is spread over the following nine months. This could mean that  the 
initially observed change in bulk density was due to relatively rapid filling of 
preferential flow pathways and wetting of soil surface, while additional water 
diffused more slowly into the clay matrix. Speaking quantitatively, observed 
changes amounted to a modest increase in soil density, but because of high 
compaction and water content they constituted as much as 15-20% change in 
available porosity. 

Comparison of water and tracer breakthrough 

Tracer tests with Br- were carried out towards the end of the study, while 
water breakthrough times, given as first arrival of water at the respective 
drains, were recorded immediately following ponding. Bromine was chosen as 
a tracer because of its conservative behavior and low background concentra- 
tions. Although anion exclusion and Br reactions with positively charged 
portions of the clay matrix may affect tracer movement, short-circuiting flows 
through the macropores should be relatively free of these considerations, 
either because the flow is more rapid, or because the size of transporting pores 
is much larger than the rest of pores in the clay matrix. 

Tracer breakthrough, given as the first arrival of tracer at the principal 
drain or one of the surrounding drains, originated from a centrally positioned, 
600-cm 2 infiltration ring. Water breakthrough, however, was a result of 
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ponding the entire facility, and outflow from a 8000-cm 2 area surrounding each 
drain. In either case, the clay liner was not fully saturated. Initial water- 
content distribution (Fig. 4b) corresponded to a 100-kPa tension, while water 
contents after the water was drained were no more than 3% higher throughout. 
Under these conditions, observed breakthrough times would most likely be a 
result of short-circuiting flow through the macropores. 

Figure 8 shows histograms of water and tracer breakthrough data, and Fig. 
9 gives raw semivariogram values (points) and corresponding fitted models. The 
histogram in Fig. 8a gives the distribution of breakthrough times for water, 
which is represented by substantial frequencies in all classes. However, 
breakthrough times for tracer (Fig. 8b) are heavily skewed and primarily 
confined to 1 frequency class. All semivariogram points are based on more than 
79 pairs comparison, while the range of experimental models, given as 1.8 and 
5.6 m for tracer and water, respectively, is well within the zone of influence for 
each situation (Journel and Huijbregts, 1978). Semivariance structure suggests 
good continuity and low nugget effect for water breakthrough data and essen- 
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tially no structure and almost a pure nugget effect for Br tracer. The difference 
between the two may be due to fewer values, smaller "support" (600 versus 
8000 cm2), and irregular nature of support for tracer data (Fig. 2d). The discon- 
t inuity of both variograms at the origin (nugget effect) may have been caused 
by measurement errors and variability on a scale smaller than the scale of 
measurement (Cressie, 1987). Tracer breakthrough distribution represents 
samples of continuum, while water breakthrough distribution following 
ponding represents the whole continuum. Thus, tracer data in general appear 
independent of one another beyond a 1.8-m range, while water breakthrough 
values have a much larger (~ 6 m) continuity range that  essentially spans the 
width of the facility. 

The results suggest that  spatial distribution of outflow (and also perhaps of 
inflow) may consist of a bimodal field, one part of which is composed of 
continuous, highly correlated values of matrix flux density. The other is es- 
sentially a random distribution of preferential-flow pathway clusters superim- 
posed on the clay matrix. The notion is similar to the concepts of flow in 
"structured soils" discussed by Nielsen et al. (1986). 

In Fig. 10, results for tracer and water breakthrough times are presented as 
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Fig. 10. Kriged distr ibutions of breakthrough (first arrival) time (days) for water (a) and Br tracer 
(b) in compacted, spatially variable clay liner. 
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mosaics of respective distributions. Numerical values for both fall within a 
similar range. However, because of differences in frequency and continuity 
limitations, kriged values for t racer  breakthrough are essentially extrapola- 
tions beyond effective range of t racer  variogram. They differ from water 
breakthrough at the same location and show no part icular  pattern, while those 
for water appear to be somewhat sensitive to small changes in hydraulic 
gradient that  result from local differences in clay thickness. 

Water level was maintained constant over the clay following ponding. Preli- 
minary calculations showed that, with assumed flux (q) through the clay 
matrix on the order of 1 × 10-gms 1, water could take as long as 10 years to 
pass through the experimental 30-cm-thick clay liner. Since considerably faster 
flow rates and breakthrough times were observed experimentally at several 
locations, it was concluded that  short-circuiting flow was taking place through 
a few relatively larger continuous pores in the otherwise slowly permeable clay 
matrix. Such continuous pores would be expected to be more sensitive to a 
hydraulic gradient imposed by ponded water, as the results in Fig. 10b show. 
In contrast,  Br t racer  moved only through that portion of the profile that was 
directly influenced by a spiked ring. The head in each ring was controlled 
separately. Tracer  would have to diffuse into the clay matrix if the infiltration 
ring was not situated directly over or close to a macropore. Consequently, 
t racer  flow would be far less sensitive to overall hydraulic gradient in ponded 
water and more sensitive to local conditions associated with each ring. 

Water breakthrough times on the average appear to be longer than those for 
tracer, possibly because of initial radial diffusion of water from macropores 
into the adjacent, unsaturated clay matrix. Actual t racer  breakthrough may 
well be faster still, since Br breakthrough distribution was determined in wet 
soil. Under these conditions tracer flow could lag behind due to displacement 
of tracerless water ahead of the infiltrating solution (Ghuman et al., 1975). 

Effective porosity 

In Table 1, laboratory values of hydraulic conductivity measured on selected 
9-cm diameter cores are given along with average flux-density values based on 
inflow and outflow. These cores were taken within each infiltration ring. 
Laboratory hydraulic conductivity was determined using a flexible wall per- 
meameter, a gradient of about 20, and an ASTM D18.04.8402 procedure. Results 
i l lustrate the extent of discrepancies possible between field and laboratory 
determinations. 

Based on laboratory values (Table 1), breakthrough times for a 30-cm-thick 
clay layer should be several years. Even if larger field inflow or outflow rates 
such as those in columns 3 and 4 of Table ] were used in calculations, break- 
through times of 336 and 552 hours, respectively, would be expected. Conse- 
quently, considerably faster observed breakthrough times for water and tracer 
suggest relatively low effective porosity. Table 2 gives computed values of 
effective flux density (q~,), observed breakthrough times, and relative amounts 
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TABLE 1 

Labora tory  values of hydraul ic  conductivi ty 1 compared with average  2 field values of ring inflow 
and drain outflow 

Site Lab Field 

Ring inflow 
(10-~ms 1) 

Drain outflow 
(10 ~ms ~) 

A 1 1.1 40.1 164.4 
A2 2.2 59.5 99.1 
A3 5.9 235,2 105.7 
A4 1.7 215.5 140.9 
A5 2.6 155.0 149.2 
A6 2.0 85,7 41.8 
A7 0.4 4,0 98.4 
C2 1.7 4,7 0.1 
C5 1.8 6,8 0.6 
C7 2,7 97.8 109.4 
E3 1,5 7.0 0.0 
FI* 1,0 0.1 2.2 
F3 0,8 0.4 0.6 
G2 2,6 0.7 0.6 
G5* 4,2 43.4 40.8 
G6 2,2 95.9 33.7 
HS* 1.2 20.0 30.0 
I2 0,5 0.3 0.3 
J1 1.1 10.8 0.8 
K6 1.2 43.4 39.9 
N1 0.9 19.5 11.8 
N7 1.2 155.4 62.0 
$7 0.8 0.3 4.5 

T2 1.5 1.1 0.4 
V5 2.4 1.7 18.3 
W1 0.8 9.3 12.0 

Average 1.8 + 1.2 50.5 + 69.2 44.9 + 53.2 

~Laboratory values obtained us ing  flexible membrane hydraulic  conductivi ty apparatus ,  ASTM 
D18.04.8402. 
-~ Field values  are for the "430" data set  in which  total  inflow or outflow per unit  area for the period 
of 6/11/85 to 4/30/86 was  divided by total  e lapsed time. 

of tracer recovered in leachate from selected drains, and Fig. 11 shows 
calculated distribution of effective porosity (Pc). Results suggest that over 44% 
of the site, flow took place through less than 1% of the area. But, at a few 
locations, flow may have occurred through 10% or more of the local cross- 
sectional area despite assumed uniform compaction and water content of the 
clay liner material. Two such locations, F1 (where flow occurred through less 
than 1% of the area) and G5 (where flow occurred through 5-10% of the area), 
will now be discussed in detail and compared. 
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TABLE 2 

Break th rough  times (Tb) for Br t racer  and water, and cumulat ive t racer  concentra t ion  (C/(~). 
Recovered and computed effective flux density (q~.) values for selected sites based on tracer  
breakthrough times and average 30 cm thickness  of clay 

Site T,, qq, 

Tracer  Water  C,'C, 
(hr) (hr) ('!o) (10 f~ms ~) 

AA7 26 45 5 3,205 
A3 30 22 43 2,778 
D7 29 142 24 2,874 
FI* 25 191 2 3.333 
G5* 47 142 84 1.773 
JO 170 46 2 490 
L3 > 265 170 2 > 314 
M7 53 71 29 1.572 
O1 48 311 < 1 1,736 
09  48 46 10 1,736 
Q5 7 144 4 11.904 
$1 54 316 2 1,543 
T5 161 195 1 517 
V8 167 144 3 499 
X3 25 144 6 3,333 

Macropore flow 

To illustrate graphically the flow through soil containing macropores, we 
have chosen two sites that exhibit contrasting behavior - -  F1 and G5. Figure 
12 shows respective distributions of ring inflow (R), drain outflow (D), and bulk 
density east (DE) and west (Dw) of the flow-monitoring site. For the site F1 (Fig. 
12a) there appears to be a general agreement between lab and field values, 
largely because both inflow and outflow distributions are very low. This 
agreement between lab and field values could be related to rather stable bulk 
density surrounding the site and to a relatively small effective cross-sectional 
area involved in flow. The upper curves in Fig. 12a, which give changes in bulk 
density with time adjacent to the ring and drain location, show that except 
immediately following ponding, bulk density both east and west of the site 
remained essentially the same for a whole year. Despite the high uniformity of 
clay material, a breakthrough time of 25 hours for Br at the F1 drain was 
recorded, although only 2% of the tracer was subsequently recovered (Table 2). 
These values translate to 0.1% effective porosity with most Br expected to be 
retained in surrounding soil. 

In contrast, at the site G5 (Fig. 12b), considerable inflow and outflow existed 
and density increased quickly at ponding and then more slowly during the 
remainder of the study. Such increases, alluded to before when discussing site 
H5 (Fig. 7) and also observed at other sites, are probably indicative of surface 
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Fig. 11. Distribution of effective porosity (P~) in a compacted and ponded, spatially variable clay 
liner given as the percent of cross-sectional area (A), based on first arrival times of ponded water. 

wetting and inflow into macropores at ponding, with subsequent movement of 
water, either as a wetting front or by diffusion from macropores into compacted 
clay matrix. 

Fluctuat ions of flow in Figs. 7 and 12b may be due to causes described 
earlier. However, while decline in flow rate after December 1985 was ra ther  
abrupt at the site H5, it was much slower and more gradual at the site G5, 
possibly indicating conflicting effects of different causes. Infiltration was 
monitored until May 1986 and outflow was measured through August. Some 
sites had increased flow rates during that  summer similar to those shown in 
Figs. 7 and 12b, suggesting possible sensitivity to changes in viscosity. Such 
sensitivity would only be apparent for flows that  were relatively more rapid 
and that  took place in the macropores. 

Tracer dis tr ibut ions 

Figure 13 shows relative cumulative concentrat ion of t racer  in drains under 
and around the infiltration rings F1 and G5, to which tracer  was originally 
applied. Although the first breakthrough occurred in 25 hours from the drain 
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Fig. 12. D i s t r i bu t ion  in t ime of r ing  inflow (R), d ra in  outflow (D), and  bu lk  dens i ty  to the  eas t  (D~) 
and  wes t  (Dw) of  the  p r imary  r ing  and  d ra in  loca t ions  for the  slow-flowing si te  F1 (a) and  
fast-f lowing si te  G5 (b). 

F1 (directly under the ring to which tracer was applied), the largest amount of 
tracer (approximately 1% of that  applied) came from drain F0 (Fig. 3a). 

Effective porosity calculations generally assume vertical flow. Results in 
Figs. 13a and 13b suggest that  this may not always be the case. For example, 
although 84% of applied tracer was recovered from the drain G5 (directly under 
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Fig. 13. Relative concentration of Br as leachate from site F1 and surrounding drains (a) and site 
G5 and surrounding drains (b). 

the r ing  G5 to which  t r a ce r  has  been  applied),  the  first a r r iva l  of Br t r a c e r  
occur red  a t  d ra in  H5. Smal l  a m o u n t s  of  appl ied t r a c e r  ( approx imate ly  0.5%) 
came f rom dra ins  G4, G6, and H6. 

At the  si te H5 (Fig. 13b), a r e l a t ive ly  rapid  (22 hours)  first b r e a k t h r o u g h  of 
Br , which  had  been appl ied to a G5 ring,  was observed  wi th  a computed  
effect ive flux densi ty  (qe) g rea t e r  t h a n  or equal  to 10,000 x 10 9ms  ] 
(assuming  a d iagona l  t r a ce r  flux f rom r ing G5 to d ra in  H5). Since observed  
wa te r  outf low flux (q) a t  H5 at  t h a t  t ime was no more  t h a n  10 x 10 9ms 1 
effect ive poros i ty  (Pe) of the  a rea  t h r o u g h  which  the t r ace r  mus t  have  passed 
could be as l i t t le  as 0.1% of the  local  cross-sect ional  area .  Even  at  peak  w a t e r  
outf low ra te  of abou t  125 x 10 9 m s ~ (Fig. 7) the effect ive poros i ty  (Pc) va lues  
would have  been no more  t han  abou t  1%. 

Such ca l cu la t ions  m a y  expla in  in pa r t  the  absence  of any  ma jo r  changes  in 
bulk  dens i ty  ad jacen t  to the si tes F1 and G5 (Fig. 12). In  t e rms  of e n v i r o n m e n t a l  
safety,  the  flow r a t e  of  conce rn  would be the  10,000 z 10 9 m s ~ b r e a k t h r o u g h  
t ime for t r a c e r  r a t h e r  t h a n  the  very  slow (approx ima te ly  I x 10-9 m s ]) ma t r ix  
flow component .  However ,  in real-l ife s i tua t ions ,  when  we may  wish to 
eva lua t e  po ten t i a l  i m pac t  on g roundwate r ,  such h igh  flow ra tes  may  need to be 
cons idered  in t e rms  of cross-sec t ional  a reas  (effective poros i ty)  t h a t  con t r ibu te  
to flow (__< 1%) and  the  observed  c o n c e n t r a t i o n  of c o n t a m i n a n t  in recharge .  

B r e a k t h r o u g h  h i s to ry  at  si tes F1 and G5 and su r round ing  drains ,  as well  as 
order  of  m a g n i t u d e  dif ferences  be tween  lab and field va lues  in Table  1, sugges t  
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t h a t  a seeming ly  un i fo rm clay l iner  is a h ighly  va r i ab le  one wi th  an  effect ive 
poros i ty  t h a t  r an ges  f rom as l i t t le  as 0.1% to more  t h a n  5%. Resul ts  sugges t  
tha t ,  if  po ten t i a l  impac t s  on g r o u n d w a t e r  f rom these  si tes a re  considered,  
b r e a k t h r o u g h  t imes,  de l ivered  concen t r a t ions ,  and  c o n t a m i n a n t  tox ic i ty  
should  all be ca re fu l ly  eva lua ted .  

Subsequen t  cor ing  wi th  a Ve ihmeie r  tube  of the  t r a c e r  app l i ca t ion  a rea  and 
s u r r o u n d i n g  si tes on the  0.3-m grid and qua l i t a t ive  tes ts  (Goldman and Byles, 
1959) for Br  c o r r o b o r a t e d  p r e l im ina ry  observa t ions .  On sites such  as F1, 
where  l i t t le  t r a c e r  was lost  as leacha te ,  s t rong  evidence  of t r a ce r  shows in 
cor ings  as a t ight ,  well-defined " p l u m e "  s u r r o u n d i n g  the inf i l t ra t ion  r ing  to 
which  t r a c e r  has  been  added (Fig. 14a). However ,  for si tes such as G5, where  
m u c h  t r a c e r  was lost  as l eacha te ,  the  Br d i s t r ibu t ion  p lume was qui te  
ex tens ive  but  r a t h e r  diffuse t h r o u g h o u t  the  a rea  of  n ine  dra ins  (Fig. 14b). 
H igh ly  mobi le  t r ace r s  (or h ighly  mobi le  c o n t a m i n a n t s )  may  be more  difficult to 
de tec t  close to the  source  of appl ica t ion ,  even though  the i r  impac t  could be 
g r e a t e r  and  felt  sooner  fu r the r  away.  Addi t iona l  c o r r o b o r a t i o n  of these  
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Fig. 14. Relative distribution of Br tracer in soil around the sites F1 (a) and G5 (b) to which tracer 
has been applied. 
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findings may be found in data on the quality of chemical leachate from the 
compacted clay (Rogowski, 1986b). 

Potential impacts on groundwater 

Extrapolat ing developed concepts to field situations, it may be said that  the 
impact of a field site on groundwater  quality may be dictated by its potential 
to raise contaminant  concentrat ion above some predetermined threshold level. 
The impact may also need to be evaluated from a standpoint of how quickly can 
a given field site "deliver" contaminant  to groundwater. Consequently, sites 
that  exhibit a high probability of outflow rate that  exceeds a predetermined 
threshold value of outflow can be regarded as having a potential  for greater 
impact. For example, impact of a site such as F1 on overall water quality may 
be minimal. But closer examination of inflows and outflows from sites such as 
G5 and H5 may be called for. A site such as G5 could have a considerably larger 
impact on groundwater  quality than a site F1 because of rapid potential  
delivery as well as higher delivered concentration.  

SUMMARY AND CONCLUSIONS 

The study of a compacted and ponded clay liner provided sufficiently 
extreme conditions to shed light on the process of preferential  pathway flow. 
Relatively few macropores survived heavy compaction, thus prevailing clay 
matrix flux density values of approximately 1 × 10-gms 1 were sufficiently 
different from locations with fluxes one or two orders of magnitude higher. At 
these locations water and t racer  B r  breakthrough histories established 
probable magnitudes of effective porosity and effective flux density associated 
with preferential  pathway flow. Although breakthrough times on the order of 
7 10 years were expected, considerably faster actual breakthrough times were 
observed (some as fast as one day), suggesting very small effective porosity (0.1 
to 5% of local available pore space). It is assumed that  fast breakthrough time 
values indicated location of preferential flow pathways. These results were 
corroborated by small changes in bulk density, suggesting that, despite 
relatively high flux, little flow into the clay matrix took place. 

Three scales of observation were used. Individual values of density, inflow, 
and outflow were measured at 250 grid points through the duration of the study. 
These results were compared and contrasted with the spatially averaged distri- 
butions in time and time-averaged distributions at a point. Space-averaged 
distributions of density showed that  overall density changed about 50 kg m 3 
during the study period, with about half  of the change occurring following 
ponding and the other half  during the first ten months of the study. Because 
some outflows and inflows were very small, averaging over time produced more 
stable values that  were less sensitive to observational error. 

While conclusions of this study are not directly transferable to other  sites, 
the general concepts are. Because of readily definable boundaries and detailed 
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knowledge  of  inpu t  and ou tpu t  on a f ine-enough grid, a new u n d e r s t a n d i n g  of 
p re fe ren t i a l  flow was ach ieved  t h a t  m a y  be t r ans fe rab l e  to o the r  locat ions.  I t  
appea r s  t h a t  flows a t  a po in t  m a y  be - -  and in fact  need to be - -  ave raged  over  
a su i t ab le  i n t e rva l  of  t ime wheneve r  flow ra tes  are  low or c o n c e n t r a t i o n s  small.  
This  could be p a r t i c u l a r l y  i m p o r t a n t  for po l lu t an t  flows unde r  u n s a t u r a t e d  
condi t ions .  I t  also appea r s  t ha t  spa t ia l  ave rages  of  bu lk  dens i ty  changes  may  
provide  a good m eas u re  of  reg iona l  wa t e r  con ten t  changes  wi th  time. In 
con t ras t ,  l i t t le  conc lus ive  i n fo rma t ion  can  be der ived f rom individual  poin t  
values .  F inal ly ,  as an addi t iona l  benefi t  of  this  s tudy,  it appea r s  tha t  
c o m p a c t i o n  of the  c lay and  the  very  low pe rmeab i l i t y  of  the  c lay ma t r i x  
h igh l igh t  the b e h a v i o r  of  preferent ia l - f low paths ,  which  act  as p r i m a r y  
condui ts  of  flow wi th  some in te res t ing  side effects. For  example ,  when  the 
popu la t ion  of flow pa ths  is low ( < 1%), ma t r ix  con t r ibu t ion  to l eacha te  qua l i ty  
appea r s  to inc rease  and h igher  c o n c e n t r a t i o n s  of  t r a c e r  are  found close to the 
point  of  origin.  On the  o the r  hand,  in a reas  of  r e l a t ive ly  h igh  effect ive poros i ty  
( app rox ima te ly  5%), where  flow pa th  popu la t ion  is h igher ,  l i t t le  con t r ibu t ion  
of ma t r i x  to l e acha t e  qua l i ty  is observed,  and the  c o n c e n t r a t i o n  of t r a ce r  is 
more  spread  out  and  diffuse abou t  the  app l i ca t ion  site. Thus  the  n a t u r e  of flow 
pa th  popu la t ions  may  have  an i m p o r t a n t  impact ,  not  only  on the  ra te  of flow, 
but  also on flow qual i ty .  
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